Abstract-Current commercial force-torque sensors are sensitive and accurate, but are also typically expensive and fragile. These features limit their use in cost-sensitive applications and unstructured environments such as people's homes. This paper presents a new design for an inexpensive and robust force-torque sensor that uses microelectromechanical system barometer transducers. The new design results in a six-axis force-torque sensor with an R 2 greater than 0.90 for F x and F y , and an R 2 greater than 0.98 for F z , M x , M y , and M z during compound loading. Furthermore, this sensor can be assembled in two days with off-the-shelf components for less than 20 USD.
most multiaxis force-torque sensors are expensive and are susceptible to overload damage.
A number of low-cost force sensor technologies have been developed but they have significant performance limitations. Thick-film piezoresistive transducers, such as force-sensitive resistors (FSRs), have a highly nonlinear response and require a bias force that can be difficult to regulate. Rikkers et al. [9] ultimately concluded that FSRs are better suited for qualitative measurements rather than precise quantitative measurements. Compliant devices that measure displacement, such as the SpaceMouse [10] , [11] , rely on significant displacements that exclude applications like robotic manipulation where high resonant frequencies and positioning accuracy are important. Many new applications, particularly for robotic manipulation in human environments would be possible with the availability of low-cost, multiaxis sensors that are robust to impacts and other excess loading events.
In this paper, we present a method for fabricating low-cost, robust force-torque sensors using MEMS barometer chips. Recent work has shown that MEMS barometers may be modified to serve as tactile sensors with excellent sensitivity (<0.01 N), linearity (<1%), and bandwidth (>100 Hz) [12] , [13] . These air pressure sensors are mass produced for consumer applications so they provide excellent performance at minimal cost. By casting them in rubber and arranging them in appropriate configurations, they can be converted to measure forces and torques. In Section II, the sensor design and fabrication process have been presented. Next, we give an analysis that relates design parameters to sensor response. In Section III, a prototype sensor is evaluated to demonstrate performance. In Section IV, the advantages and limitations of the sensor are discussed in the context of other approaches.
II. DESIGN AND ANALYSIS

A. Transducers
Barometric sensor chips have been developed for various applications including vertical positioning augmentation for global positioning systems and personal weather stations. As they are increasingly integrated into smart phones, these sensors are mass produced at low cost, with low power consumption and minimal package size. While several versions are available, all of them use a MEMS transducer along with integrated signal conditioning, analog-to-digital conversion, and bus interface in a standard surface-mount package. Because of the need to detect small Fig. 1 . MEMS barometers can be used to create a six-axis forcetorque sensor that is inexpensive and robust. The prototype consists of two rigid plates joined by four modules consisting of rubber blocks with MEMS barometers embedded inside. Signals are transmitted digitally to logging software. changes in atmospheric pressure that correspond to changes in elevation, these sensors have excellent sensitivity. Because the signal output for these sensors is digital, signal to noise is excellent and interfacing is easy. Previous work has shown that casting these sensors in rubber and vacuum degassing the units to remove air bubbles provides a means of transmitting an applied surface force to the sensing diaphragm inside the sensor package (see Fig. 3 ) [12] . The MEMS barometer chip selected for the prototypes presented here is the MPL115A2 (Freescale Semiconductor Inc., Austin, TX, USA). It was selected because of its small size (5 × 3 × 1.2 mm 3 ), low cost, and the provision of a large ventilation hole located directly above the MEMS pressure sensor (see Fig. 1 ).
B. Design
The proposed design uses the standard package configuration for force-torque sensors for end-of-arm robotics applications, i.e., a pair of mounting plates separated by a relatively thin internal structure that houses the transducers. The central challenge in force sensor design is to find a spatial configuration for the internal structure so that the transducers provide good signals in response to the full range of anticipated loads applied to the plates. Additional design goals include minimized fabrication costs and the ability to withstand overloads due to impacts. One attractive approach is to configure the structure as a set of modules, each consisting of a rubber block with two embedded transducers (see Fig. 2 ). This simplifies construction and minimizes cost, and allows easy analysis and visualization of the mechanical function of the resulting sensor. In each module, the barometer chips are first molded at the bottom of a rubber block (see Fig. 4) . The blocks are then arranged between the sensor mounting plates. Four modules are used in the current implementation for symmetry, although a trilateral design could also work.
C. Analysis
The rubber-encased MEMS barometers measure normal stress in the direction normal to the chip package, with insignificant response to normal stresses in the lateral direction or to shear stresses. Given the spatial configuration of the modules and their transducers, a mechanical analysis can relate the forces and torques applied to the mounting plates to local loads on the transducers, in terms of the geometric design parameters. To relate the local normal stress to the applied load, four loading cases must be examined: normal force in the z-direction, lateral force along the x-(or y-) axis, moment around the z-axis, and moment around the x-(or y-) axis.
Forces and moments applied to the mounting plates are transmitted to the four modules, as shown in Fig. 4 . A pure normal load F z [see Fig. 4 (c)] results in equal uniaxial compression of the four modules, so
where σ z is the normal stress on the transducer, F z is the normal force, W is the width of each rubber module, as shown in Fig. 4 , and L is the length. The sensitivity of the sensor to loads along the z-axis, S F z , is then given as where K is a calibration constant with units of sensor counts per unit stress. Thus, increasing the area of the rubber increases the range of F z that can be measured before the transducer saturates and decreases the sensitivity. It is important to note that K also takes into account the effects of the material properties of the rubber being used. A pure moment around the x-axis results in tension of sensors located on the positive side of the x-axis, and compression on the sensors on the negative side, as shown in Fig. 4 
(d).
Modeling the combination of modules as a short beam with the cross section shown in Fig. 4 (a), loaded in pure moment, yields an expression for S M x , the sensitivity to applied moments around the x-axis
where K is the calibration constant with units sensor counts per unit stress, M x is the applied moment around the x-axis, y i is the distance from the sensor to the x-axis, with y i = a for the modules lying on the x-axis and y i = r for the units on the x-axis. y i , and thus a and r, can be used to modify moment response independent of normal load response. Due to symmetry, moments around the y-axis take the same form. A shear load F x , on the top and bottom of the rubber block causes a moment around the center proportional to the height of the rubber h, as shown in Fig. 4(e) . This is balanced by a moment at the end of each rubber block. This becomes a standard beam-bending problem. Although the beams are short and thus shear plays a role in their deflection, the transducers measure only axial load so the normal bending equations apply. The sensitivity to applied shear loads along the x-axis, S F x , is then given as
where K is the calibration constant, F x is the shear load, h is the height of the rubber block, and x i is the distance between the sensor and the y-axis of the beam. Thus, the higher the rubber block (and the closer the sensor units to the edge) the stronger the shear force response. Due to symmetry, a similar form applies for shear loads in the y-direction. Finally, a moment around the z-axis results in shear loads on each of the blocks. The sensitivity to applied moments around the z-axis, S M z , is then given as
where M z is the moment applied around the z-axis and h, a, K, K, W , and L are as previously defined. Because these shear loads are not perfectly oriented along the long axis of each block, we can include an additional geometric constant K g to account for the slight change in the second moment of area. If we assume that the stresses are superimposable, the total response takes the form F = US, where
In matrix U, A, B, C, and D are the collected constants from (4), (2), (3), and (5), respectively. Note that this matrix is rank-6, and that each constant is independently tunable via dimensions W , L, h, r, and a. These equations directly relate each of the design parameters to the sensor output, and can be used to optimize the configuration for a desired sensitivity and range. The final six-axis response can then be calibrated using a standard (Fig. 3) . least-squares fit to experimental data. An affine term is added to compensate for a fixed offset in the sensor readings.
D. Fabrication
The barometer sensors (MPL115A2, Freescale Semiconductor) are mounted on custom printed circuit boards (PCBs) (TakkStrip, TakkTile LLC, Cambridge, MA, USA). These PCBs are glued with cyanoacrylate onto a rapid prototyped (RP) plastic bottom plate printed from VeroBlue (Stratasys Ltd, USA). They are placed symmetrically and the ventilation hole is oriented outwardly, as shown in Fig. 3(a) . The distance between the centers of the two ventilation holes is 2a = 13.5 mm. A top piece, also RP plastic measuring W = 25 mm by L = 15 mm by 9 mm in height, is held in place h = 3 mm above the top of the bottom RP plastic plate, again measuring 25 mm by 15 mm but with a height of 7 mm. Urethane rubber (Vytaflex-20, SmoothOn, Inc., Easton, USA) is then poured over the entire assembly filling the space in between the top and bottom plates. Fig. 3(b) shows the cured assembly for the two-axis module. As in [12] , the module is placed in a vacuum chamber immediately after the rubber is poured to pull the rubber into the MEMS sensor hole, thus eliminating any air bubbles that may be trapped within the barometer case. This two-axis module is capable of sensing force both in the normal direction and the shear direction (defined to be perpendicular to the short edge of the sensor). Four of these two-axis modules are then placed symmetrically around a three-dimensional (3-D) printed resin bottom plate and fixed with cyanoacrylate, as illustrated in Fig. 5 . The distance between the long edge two-axis modules and the parallel edge of the bottom plate is 9.25 mm, while the distance from the short edge of the two-axis modules to the parallel edge of the plate is 24.9 mm. r = 20.55 mm. The entire bottom plate measures 75 mm by 75 mm by 5 mm in height. From here, a top plate, also measuring 75 mm by 75 mm but with a height of 11.5 mm, is held in place by two supports thus ensuring that the top and bottom plates are parallel and leaving the total height of the sensor at 30 mm, as shown in Fig. 5 . The space between the top plate and the top of the single-axis modules is filled with Vytaflex-20. This is done to ensure that no internal stresses are placed on the MEMS barometric sensors by any minor variations in module height. Fabrication of the sensor can be completed in two days with the majority of the time dedicated to letting the rubber cure.
E. Thermal Behavior
An important characteristic to investigate when choosing a rubber for casting is how the rubber responds to temperature. Although the barometers provide an integrated temperature sensor for thermal compensation, the factory calibration values are set for the sensors behavior under air rather than rubber. Due to differences in the thermal expansion coefficients of the silicon diaphragm, the rubber, and the metal case, the choice of rubber also affects the behavior. Two polyurethane rubbers were chosen for comparison. Fig. 6(a) and (b) shows plots of Vytaflex-20 and PMC-780 (Smooth-On, Inc., Easton, PA, USA) responses to temperature, respectively. Each rubber was cast over a sensor, vacuum degassed, and allowed to cure. To test the temperature drift, the sensors were warmed under a heat lamp and then allowed to cool back to room temperature at constant pressure. The data in Fig. 6(a) and (b) represent the response of the rubbercasted sensors close to room temperature. Although both rubbers are affected by the temperature, the MEMS sensor cast in PMC-780 responds more strongly and less linearly. Fig. 6(c) and (d) shows the result of applying a linear temperature compensation algorithm.Vytaflex-20 was used for the full force-torque sensor on the basis of this superior performance. All of the subsequent trials for the 6 degrees of freedom (DOF) force-torque sensor in this paper were conducted at constant temperature and therefore no temperature compensation was applied. Fig. 7 . Testing setup. The MEMS sensor was secured to a commercial force-torque sensor (ATI Gamma, ATI Automation). Loading was applied manually along all six axes. Data from the MEMS sensor were logged to a PC using an Arduino Micro.
F. Robustness
Most force-torque sensors use strain gauges placed precisely along with a series of complicated flexures to help decouple the different force axes. It is critical to protect these components from overloading. As a result many force-torque sensors are larger and heavier than they need to be for their application. Because our sensor design does not rely on complicated flexures and fragile strain gauges, the sensor does not require any excess components whose sole purpose is support. This simultaneously allows the sensor to be compact, to have a low mass, and to be simple to fabricate. Despite this though, the sensor is still very robust. As demonstrated in [12] , the MEMS barometric sensor, once cast in rubber, is robust enough to withstand high loads and impacts, such as a hammer blow.
III. METHODS AND RESULTS
The sensor was calibrated and tested by securing it to a calibrated commercial six-axis force-torque sensor (Gamma Force Torque sensor, ATI, Apex, NC, USA). Uniaxial loading was achieved by fixing a string to the top plate and applying weights to the end of the string. Compound loading was achieved by grasping the top plate and manually manipulating the sensor through a range of different forces and moments to create a random time-varying compound input force. Data from the barometers were logged by an Arduino Micro and processed using MATLAB (see Fig. 7 ). Calibration used a first-order leastsquares fit with an affine term. Fig. 8 shows the force-torque sensor response along all six axes against the commercial sensor. The blue dots represent a single-time point and the red line represents the ideal, a one to one correspondence between the commercial sensor and the MEMS barometer sensor. Despite the low cost and simple fabrication, the sensor produces reasonably linear responses to single-axis loading as demonstrated by the High R 2 values. Fig. 9 represents the sensor response under compound loading. Finally, Fig. 10 shows the MEMS sensor readings plotted alongside the commercial sensor readings during compound loading. The stiffness results for each axis are given in Table I .
The RMS error was also calculated during an unloaded condition in order to determine the noise of the MEMS sensor. These values are given in Table II . 
IV. DISCUSSION
A. Discussion
This paper presents a simple design that demonstrates MEMS barometers can be used to create a six-axis force-torque sensor at low cost. The total cost of components is under 20 dollars, including the barometer chips, microcontrollers, printed circuit boards, urethane rubber (Vytaflex-20), and rigid plastic for top and bottom mounting plates. The barometers are assumed to be mounted on a single-flat PCB in keeping with the design goal of a low-cost easily manufactured system. The circuit boards and casting process are all compatible with commodity massproduction techniques. This contrasts with the current standard approach of cutting flexures from metal (typically using electric discharge machining) and bonding strain gauges to them, an expensive procedure.
During single-axis loading experiments, the MEMS sensor was loaded past 10 N with an R 2 greater than 0.97 for F z , M x , M y , and M z and an R 2 greater than 0.85 for F x and F y . The error for F x and F y is larger at the extremes of the loading range, suggesting the working range is smaller for these axes as compared to the other axes. The MEMS sensors were loaded up to 5-12 N during compound loading with an R 2 greater than 0.90 for F x and F y and an R 2 greater than 0.98 for F z , M x , M y , and M z . The higher error in F x and F y is likely due to crosstalk between these axes and others during compound loading and the sensors flexing along these axes during loading. This last issue could be solved by stiffening the sensor along these axes. In fact, due to the nature of the design of this sensor, many design parameters exist that can be independently modified to tune the force sensitivity and force range of the sensor based on need. Preliminary prototypes with uninstrumented rubber blocks in parallel have improved the range to hundreds of Newtons for single-DOF units. An optimal design, including variations in materials and geometries, is deferred to future work. Thermal variations do impact the sensor, but they can be compensated down to within five counts.
The proposed force-torque sensor has advantages over forcetorque sensors currently in use in a number of applications. For example, force-torque sensors are currently used in robot fingers to measure contact location and contact force while other sensors are mounted to the wrist of robot arms to improve manipulation in unstructured environments [14] . Commercial force sensors, though highly accurate with errors smaller than 0.05%, are expensive and susceptible to overload damage thus limiting their use for these applications [15] . With a bandwidth above 50 Hz, our sensor is a robust and low-cost alternative, allowing it to be deployed more readily for use where unexpected collisions are likely. Furthermore, our sensor outperforms other low-cost sensors, particularly for the F z , M x , M y , and M z axes. The FSRbased design described by Rikker et al. [9] showed errors up to 2.9% for single-axis loading. Similarly, a six-axis force-torque sensor using piezoresistive load-sensing bridges showed errors for single-axis loading between 3% and 4% for loads in F x , F y , and F z and errors between 5% and 10% for loads in M z [16] . Finally, the fabrication of our sensor requires only off-the-shelf components, making it both easily translatable to other labs and customizable to a specific application.
B. Conclusion
This paper outlined the design of a 6 DOF force-torque sensor from barometric sensors. The design is easy to fabricate, low cost, and robust. This provides useful behavior in a niche that is unmet by current six-axis force-torque sensors based on strain gauges, as it is significantly lower cost and better able to withstand high loads without failure. The sensors could be further optimized to improve performance, and the simple design lends itself to easy customization for different applications. Both the sensitivity and the physical size of the sensor can be tailored by choice of materials and variations in the geometry of the sensor.
